Abstract
Introduction
The firm evidence from a variety of experiments that neutrinos oscillate and possess a small mass below the eV scale necessitates physics beyond the Standard Model (SM). Consequently models of neutrino mass generation which can be probed at present and forthcoming experiments are of great phenomenological interest. In particular, those models which can provide a distinctive experimental signature, such as a New Physics particle with a mass of the TeV scale or less, are especially appealing in light of the approaching commencement of the CERN Large Hadron Collider (LHC). Doubly charged Higgs bosons (H ±± ) arise in a variety of models of neutrino mass generation as members of I = 1, Y = 2 scalar triplets [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and I = 0, Y = 4 scalar singlets [12] . Such particles can be relatively light (i.e., with masses of the electroweak scale) and have impressive discovery potential at hadron colliders due to their low background signature H ±± → l
and sizeable cross-sections. The ongoing searches at the Fermilab Tevatron [13, 14] anticipate sensitivity to m H ±± < 250 GeV for the decay channel H ±± → l ± i l ± j (i, j = e, µ) with the expected final integrated luminosities of up to 8 fb −1 . LHC simulations [15, 16] show that discovery for m H ±± < 1 TeV is possible with 300 fb −1 , and as little as 1 fb −1 is needed to probe m H ±± < 400 GeV.
Discovery of H ±± with m H ±± < 400 GeV would enable precise measurements of the branching ratios (BRs) of H ±± → l ± i l ± j with the anticipated final integrated luminosity at the LHC. Models which predict BR(H ±± → l ± i l ± j ) in terms of experimentally constrained and/or measured parameters are of particular phenomenological interest. In the Higgs Triplet Model (HTM) [3] , [4] neutrinos acquire a Majorana mass given by the product of a triplet Yukawa coupling (h ij ) and a triplet vacuum expectation value v ∆ . Consequently in the HTM there is a direct connection between h ij and the neutrino mass matrix which gives rise to phenomenological predictions for processes which depend on h ij . Since the coupling h ij determines BR(H ±± → l ± i l ± j ), this mechanism of neutrino mass generation can be tested if precise measurements of BR(H ±± → l ± i l ± j ) are available [6, 7] . A detailed quantitative study of the dependence of h ij on all the neutrino oscillation parameters has not yet been performed (for previous analyses see [7, 17] ).
Of particular interest is the dependence of h ij on the absolute neutrino mass and Majorana phases which is the focus of the present work. Those parameters, which cannot be probed in neutrino oscillation experiments, would significantly affect BR(H ±± → l ± i l ± j ). We perform a study of the capability of the LHC to probe the neutrino mass spectrum and Majorana phases assuming that neutrino mass is generated solely by the combination h ij v ∆ in the HTM. In particular, we investigate the possibility to establish m 0 = 0 and/or CP-violation from Majorana phases at the LHC by means of a χ 2 analysis with three 2l channels of H ±± decays. It is extremely difficult for neutrinoless double beta decay experiments [18] to measure CP-violation from Majorana phases because they affect this process in combination with unmeasured parameters [19] , while the absolute neutrino mass can only be measured directly by the future Tritium beta decay experiment [20] if m > 0.2eV.
Our work is organized as follows: in section 2 we briefly review the HTM; section 3 describes the phenomenology of H ±± at hadron colliders; the numerical analysis is contained in section 4 with details of a χ 2 analysis presented in the appendix; conclusions are given in section 5.
The Higgs Triplet Model
In the Higgs Triplet Model (HTM) [3] , [4] a I = 1, Y = 2 complex SU(2) L isospin triplet of scalar fields is added to the SM Lagrangian. Such a model can provide a Majorana mass for the observed neutrinos without the introduction of a right-handed neutrino via the gauge invariant Yukawa interaction:
Here h ij (i, j = 1, 2, 3) is a complex and symmetric coupling, C is the Dirac charge conjugation operator, τ 2 is a Pauli matrix,
T L is a left-handed lepton doublet, and ∆ is a 2 × 2 representation of the Y = 2 complex triplet fields:
A non-zero triplet vacuum expectation value ∆ 0 gives rise to the following mass matrix for neutrinos:
The necessary non-zero v ∆ arises from the minimization of the most general SU(2) ⊗ U(1) Y invariant Higgs potential, which is written as follows [6, 7] (with Φ = (φ
Here m 2 < 0 in order to ensure φ 0 = v/ √ 2 which spontaneously breaks SU(2) ⊗ U(1) Y to U(1) Q , and M 2 (> 0) is the mass term for the triplet scalars. In the model of GelminiRoncadelli [21] the term µ(Φ T iτ 2 ∆ † Φ) is absent, which leads to spontaneous violation of lepton number for M 2 < 0. The resulting Higgs spectrum contains a massless triplet scalar (majoron, J) and another light scalar (H 0 ). Pair production via e + e − → H 0 J would give a large contribution to the invisible width of the Z and this model was excluded at LEP. The inclusion of the term µ(Φ T iτ 2 ∆ † Φ) explicitly breaks lepton number when ∆ is assigned L = 2, and eliminates the majoron [3, 4] . Thus the scalar potential in eq. (4) together with the triplet Yukawa interaction of eq. (1) lead to a phenomenologically viable model of neutrino mass generation. The expression for v ∆ resulting from the minimization of V is:
In the scenario of light triplet scalars (M ≈ v) within the discovery reach of the LHC, eq. (5) leads to v ∆ ≈ µ. In extensions of the HTM the term µ(Φ T iτ 2 ∆ † Φ) may arise in various ways: i) the vev of a Higgs singlet field [22, 23] ; ii) be generated at higher orders in perturbation theory [7] ; iii) be generated in the effective Lagrangian [10] ; iv) originate in the context of extra dimensions [6, 8] .
An upper limit on v ∆ can be obtained from considering its effect on the parameter
In the SM ρ = 1 at tree-level, while in the HTM one has (where x = v ∆ /v):
The measurement ρ ≈ 1 leads to the bound v ∆ /v ∼ < 0.03, or v ∆ < 8 GeV. At the 1-loop level v ∆ must be renormalized and explicit analyses lead to bounds on its magnitude similar to those derived from the tree-level analysis [24] . The most distinct and experimentally accessible decay mode of H ±± is to two same-sign charged leptons [27] . Without loss of generality one can work in the basis in which the charged lepton mass matrix is diagonal i.e., l ± i are the mass eigenstates. Then the decay rate for BR(
where 
The searches performed in [13, 14] seek at least one pair of same-sign leptons with high invariant mass i.e., the search is sensitive to single production of H ±± . The SM background can be reduced to negligible proportions with suitable cuts. Single H ±± production mechanisms which involve a dependence on potentially small parameters such as the Yukawa coupling h ij or triplet vev v ∆ are subdominant at Tevatron energies (e.g., see [33] ). In [17] it was suggested that this search strategy is also sensitive to the mechanism q ′ q → W * → H ±± H ∓ [34] , which has a cross-section comparable in magnitude to that of→ γ * , Z * → H ++ H −− . The following inclusive single H ±± cross-section was introduced, which would extend the search sensitivity to larger values of m H ±± and strengthen the mass limits on m H ±± derived in [13, 14] :
Here the factor of 2 accounts for the CP conjugate process→ W * → H −− H + . In 2006 the CDF collaboration searched for H ±± decays involving τ ± [35] . The strategy of searching for one pair of same-sign leptons (2l) is not effective due to the larger SM backgrounds, and instead three (3l) and four (4l) lepton searches were performed. The production mechanism→ γ * , Z * → H ++ H −− was assumed. The process→ W * → H ±± H ∓ never contributes to the 4l signature, but can contribute to the 3l signature if H ± decays leptonically, H ± → l ± ν. In Table 1 the mass limits for m H ±± from the Tevatron searches are summarized. A blank entry signifies that no search has yet been performed. The displayed mass limits assume production via→ γ
in a given channel is assumed. The ultimate sensitivity at the Tevatron is expected to be m H ±± ∼ 250 GeV in the ee, eµ and µµ channels.
Simulations of H
±± production at the LHC Several simulations have been performed for [15, 16, 29, 36, 37] . The production mechanism is assumed to be→ γ
considerably extends that at the Tevatron due to the increased cross-sections and larger luminosities e.g., the analysis of [16] 1500  15000  42000  300  300  3000  8400  400  90  900  2500   Table 2 : Approximate number of events for pair production of H ±± (N 4l ) and single production of H ±± (N 2l ) at the LHC for integrated luminosities of L = 30 fb −1 and L = 300 fb −1 with efficiency ǫ eff = 0.5. We assumed m H ±± = m H ± to calculate N 2l .
shows that a H ±± can be discovered for m H ±± < 800 GeV assuming BR(H ±± → µ ± µ ± ) = 100% and L = 50 fb −1 . Importantly, all the above simulations suggest that as little as 1 fb −1 is needed for discovery of m H ±± < 400 GeV if one of BR(H ±± → e ± e ± , e ± µ ± , µ ± µ ± ) is large, and hence such a light H ±± would be found very quickly at the LHC. The sensitivity of the LHC to single production of
has only been performed in [37] , and importantly the SM background was shown to be negligible in the signal region of high invariant mass. It was concluded that such a search strategy allows more H ±± → l ± i l ± j events than the 4 lepton search since the event number is linear (and not
. Therefore the 2l search is more effective at probing small
Importantly, the addition of the channel→ W * → H ±± H ∓ (eq. (9)) would further enhance the event number for a given m H ±± .
In Table 2 we show approximate expected numbers of 2l and 4l events arising from pair and singly produced H ±± → l ± i l ± j at the LHC. We only consider the decay channels
± , e ± µ ± , µ ± µ ± which offer the greatest H ±± discovery potential. A detection efficiency of 0.5 is assumed, which is slightly less than the values given in [16] for H ±± → µ ± µ ± . The theoretical H ±± cross-section is multiplied by this detection efficiency and the SM background is taken to be negligible. The number of 4l events for a specific m H ±± is denoted by N 4l , assuming integrated luminosities of L = 30 fb −1 and L = 300 fb −1 . The displayed numbers are for BR( (3) and eq. (7)) and hence N 4l must be multiplied by [BR(
The final column shows the number of 2l events (N 2l ) obtained by adding the contribution from the mechanism→ W * → H ±± H ∓ as defined in eq. (9). We take m H ±± = m H ± which increases the number of singly produced H ±± events by a factor of around 2.8 for 200 GeV < m H ±± < 400 GeV [17] 
, the numbers presented in Table 2 are scaled as shown in Appendix A.
It is clear from Table 2 that early discovery of H ±± at the LHC with m H ±± < 400 GeV would allow large event numbers for H ±± with the expected integrated luminosities of L = 300 fb −1 . This would enable precise measurements of BR(H ±± → e ± e ± , e ± µ ± , µ ± µ ± ) for the dominant channels. Sensitivity to BR(H ±± → e ± e ± , e ± µ ± , µ ± µ ± ) ∼ 1% or less would also be possible in the 2l channel.
Numerical Analysis
The mass matrix for three Dirac neutrinos is diagonalized by the MNS (Maki-Nakagawa-Sakata) matrix V MNS [38] for which the standard parametrization is: 
where s ij ≡ sin θ ij and c ij ≡ cos θ ij , and δ is the Dirac phase. For Majorana neutrinos, two additional phases appear and then the mixing matrix V becomes
where ϕ 1 and ϕ 2 are referred to as the Majorana phases [3, 39] . Since we are working in the basis in which the charged lepton mass matrix is diagonal, the neutrino mass matrix is then diagonalized by V . Using eq. (3) one can write the couplings h ij as follows [6, 7] :
Then, eq. (8) becomes
Note that the branching ratios are independent of m H ±± and v ∆ , and given by neutrino parameters only.
Neutrino oscillation experiments involving solar [40] , atmospheric [41] , accelerator [42] , and reactor neutrinos [43] are sensitive to the mass-squared differences and the mixing angles, and give the following preferred values:
The small mixing angle θ 13 has not been measured yet and hence the value of δ in completely unknown. Since the sign of ∆m 0.2eV, future 3 H beta decay experiment [20] can measure it. Experiments which seek neutrinoless double beta decay [18] are sensitive to only a combination of neutrino masses and phases. Certainly, extracting information on Majorana phases alone from these experiments seems extremely difficult, if not impossible [19] . Therefore it is worthwhile to consider other possibilities.
Multiplying out eq. (12) one obtains the following explicit expressions for h ij : 
One may express m 1 , m 2 , m 3 in terms of two neutrino mass-squared differences (∆m We note here that such collider probes of the Majorana phases are particular to models in which lepton number violation (which leads to the Majorana neutrino mass) is associated with New Physics particles at the TeV scale. Analogous collider probes are not possible in models where the scale of lepton number violation is much higher e.g., supersymmetric models with very heavy right-handed neutrinos with masses of order 10
12 GeV. However, in such models the Majorana phases (which are also required for successful leptogenesis) can significantly affect the rates for the lepton flavour violating (LFV) decays τ → lγ and µ → eγ [44] . Likewise, in the HTM ϕ 1 and ϕ 2 would also affect the rates for LFV decays which depend explicitly on h ij e.g., τ → lll and µ → eγ [7] . Similar studies of the effects of Majorana phases on these LFV 
For NH with smaller m 0 , the e-related modes are suppressed because m 1 (= m 0 ) and m 2 are small and the contribution from the heaviest mass m 3 is also small due to the tiny θ 13 . BR µµ , BR µτ , and BR τ τ are roughly equal 2 , and they dominate for smaller m 0 because m 3 does not appear with θ 13 . Note that BR µµ ≃ BR τ τ and BR eµ ≃ BR eτ can be understood as the approximate symmetry for µ-τ exchange by virtue of sin 2 2θ 23 = 1 and tiny θ 13 . For larger m 0 ,
) dominate because all coefficients of m i are positive for h ii with θ 13 = 0 in Case I and there is no strong cancellation among these terms even for θ 13 = 0. For m 0 0.3 eV, the results for NH and IH are almost identical because of almost degenerate masses. Since BR are given by ratios of |h ij | 2 , they converge for large m 0 . This is an attractive feature because HTM can predict certain ranges of BR without restricting m 0 .
On the other hand, IH case gives rather simple results. This is because m 1 and m 2 include the larger scale |∆m 2 The naïve expectation is that BR µτ is twice as large as the other two modes because of |h µτ | 2 + |h τ µ | 2 . However, this difference is accidentally compensated by the effect of ∆m In order to quantify the effect of the unmeasured (V MNS ) e3 on BR ll ′ , we show BR ee for sin 2 2θ 13 = 0.13, 0, and 4 values of the Dirac phase δ (= 0, π/2, π, 3π/2) for Cases I to IV in Fig. 2 . Other parameters are same as Fig. 1 . Several lines are coincident in the figure, since δ and ϕ 2 always appear as a combination 2δ − ϕ 2 in h ee . For example, Case I with δ = 0 and Case II with δ = π/2 give the same lines. Although the contribution of (V MNS ) e3 to BR ee is considerably smaller than the effect of varying m 0 or the Majorana phases (as expected by quadratic suppression with small θ 13 ), it is not negligible. Consequently, it is also not negligible for other the BR. Fig. 2 also shows that the HTM predicts small BR ee in case III and IV (cases with ϕ 1 = π) for any value of m 0 , θ 13 , and δ in both of NH and IH. Thus, Fig. 2 indicates that some information on Majorana phases may be extracted without knowledge of the sign of ∆m 2 31 and the values of m 0 , θ 13 , and δ.
Dependence of BR(H
In this section we show the dependence of BR(H ±± → l ± i l ± j ) on Majorana phases with the values of the oscillation parameters given in (17) and (18) . For m 0 = 0, only the relative phase ϕ rel (= ϕ 1 − ϕ 2 ) determines h ij in NH. In Fig. 3 
(left) we plot BR(H
as a function of ϕ rel for NH with m 0 = 0. Tiny θ 13 suppresses the dependence of BR ee on ϕ rel , and then the HTM gives a clear prediction of very small BR ee for this case. The other BR ll ′ change non-negligibly e.g., BR eµ and BR µµ vary by 0.05 or more, which could be larger than the experimental error if sufficiently large numbers of H ±± are produced. In IH for m 0 = 0, BR ll ′ does not depend on ϕ 2 because it always appears multiplied by m 0 . Fig. 3 (right) shows the dependence of BR ll ′ on ϕ 1 for this case. One can see that the dependence on ϕ 1 is even more pronounced because m 2 for m 0 = 0 in IH (= |∆m they have large and opposite dependence. This dependence on ϕ 1 can be understood by the relative sign of the terms of m 1 and m 2 in eq. (16), which is + for h ee and − for h eµ , neglecting θ 13 . For m 0 = 0.3 eV, where neutrino masses are almost degenerate, Fig. 4 shows that the phase ϕ 1 has a large effect on all BR(H ±± → l
). The figure also shows that the ϕ 2 dependence for BR eµ and BR eτ is sizeable and overcomes the suppression from θ 13 . However, the latter suppression factor ensures that BR ee has a very small dependence on ϕ 2 , and so this channel is crucial for extracting clear information on ϕ 1 and/or m 0 without contamination from the effect of ϕ 2 .
It is clear that the Majorana phases have a large effect on BR ll ′ in the HTM, and their inclusion is required in order to quantify the allowed regions of BR ll ′ . As we have seen, both the neutrino mass spectrum and the Majorana phases have large effects on BR(H ±± → l ± i l ± j ) in the HTM, but the model also gives a clear prediction for BR ll ′ . Therefore we can expect to obtain some information on the neutrino mass spectrum and/or the Majorana phases by observing BR ll ′ . In our analysis, we use BR(H ±± → e ± e ± , e ± µ ± , µ ± µ ± ) for which the LHC expects greatest sensitivity. Naïvely, three measurements of BR ll ′ are sufficient to extract information on the three parameters.
Sensitivity to sign(∆m
In this section we consider the possibility to determine sign(∆m 
Non-zero values of θ 13 and δ affect BR ee as was shown in Fig. 2 . Moreover, deviation of θ 23 from π/4 especially affects BR µµ in our analysis because a rather wide range 0.37 < s Furthermore, the area inside the dashed and dash-dotted lines in Fig. 5 is possible for NH and IH, respectively. NH gives the additional bounds BR ee 0.33 and BR µµ 0.51, while IH gives 0.03 BR ee and BR µµ 0.34. These are also particular features of the HTM. If BR in the light shaded region are measured, NH or IH is disfavored in the HTM.
Next, let us consider the possibility to exclude m 0 = 0. Fig. 6 shows the attainable regions of BR with m 0 = 0. As in Fig. 5 , the area inside the thin solid line is reachable in the HTM, and the region above the dotted line is unphysical. The dashed line corresponds to the BR which can be obtained in NH, and the dash-dotted line is BR in IH, both with m 0 = 0. Note that the area inside these lines can also be obtained with m 0 = 0 but outside is impossible for m 0 = 0. This behaviour can also be seen in Fig. 3 
Sensitivity to CP violation from Majorana phases
In this section, we discuss the possibility to exclude the CP-conserving cases for Majorana phases, namely ϕ 1 , ϕ 2 = 0, π. Establishing experimentally that CP is violated by Majorana phases in the HTM is of much phenomenological interest and is feasible if there are sufficiently large numbers of H ±± . In Fig. 7 , the attainable regions of BR for the CP-conserving cases of Majorana phases are shown. As in Fig. 5 , the area inside the thin solid line is reachable in the HTM, and the 
Accuracy of the determination of m 0 and Majorana phases
Once measurements of BR ee , BR eµ , and BR µµ are available one can constrain m 0 and the Majorana phases. In this section we show how precisely they can be constrained by assuming BR ee = 0.268, BR eµ = 0.243, and BR µµ = 0.066 as an example of a possible signal. These values can be obtained by taking m 0 = 0, ϕ 1 = π/2, sin 2 2θ 13 = 0.1, δ = 0, and θ 23 = π/4 for IH in HTM. It is evident from Fig. 5 that these values of BR can be accommodated in the HTM, but not in the case of NH -see Fig. 5(a) .
In Fig. 8 , the allowed regions at 90%CL are shown in the spaces of ϕ 1 -ϕ 2 , m 0 -ϕ 1 , and m 0 -ϕ 2 . They are obtained by a χ 2 analysis with three numbers of 2l channel signals (N ee , N eµ , and N µµ ) of H ±± decays (See Appendix A for details). Since the above BR are inside the shaded regions in Fig. 7 , Case I-IV of CP-conservation are all excluded which is clearly depicted in Fig. 8(a) . Two regions in Fig. 8(a) are just copys of each other because BR ll ′ are unchanged by replacing h ij with h * ij . Although ϕ 1 can be constrained very well, all values of ϕ 2 are allowed in Fig. 8 because BR in IH with m 0 = 0 does not depend on ϕ 2 . In general one expects looser constraints on ϕ 2 because dependence of BR ee and BR eµ on ϕ 2 is suppressed by tiny θ 13 . Fig. 8 also shows that a stringent upper bound on m 0 (m 0 0.07 in this example) can be obtained We performed a quantitative study of the dependence of the BRs on all the parameters in the neutrino mass matrix, especially the dependence on the three parameters which induce the most uncertainty in such predictions: the lightest neutrino mass m 0 and the two Majorana phases. We displayed the allowed regions of BR(H ±± → l ± i l ± j ) for i, j = e, µ and showed that they are considerably smaller than for the case of an arbitrary h ij . By measuring these BRs it is possible to both test the HTM and determine the sign of ∆m 2 31 . Due to the large effect of m 0 and the Majorana phases on the BRs we showed that it is possible to extract information on these three parameters by measuring BR ee , BR eµ , and BR µµ . Such information cannot be obtained from neutrino oscillation experiments. By using BR ee 0.05) where m 0 = 0 can be excluded at 90%CL by measuring only BR ee . For the exclusion of the CP-conserving case for Majorana phases, BR ee and BR eµ are especially important. For a specific choice of BR ee , BR eµ , and BR µµ we displayed the allowed regions of (m 0 , ϕ 1 , ϕ 2 ) and showed that it is possible to constrain m 0 and ϕ 1 stringently.
In contrast, establishing that Majorana phases are non-zero is notoriously difficult in models in which lepton number violation is associated with particles at a very high energy scale (e.g. right-handed neutrinos with a Majorana mass of order 10 10 GeV or more). In the HTM with a light H ±± this becomes is a realistic and unique possibility. Note added: During finalization of this paper an article [46] appeared which deals with the same topic. Although there is inevitably some overlap, our analysis differs considerably from theirs e.g., i) our definition of the χ 2 is a function of three BRs in the 2 lepton channel, while their χ 2 is for five BRs in the 4 lepton channel, and ii) the presentation of results, especially figures 5-8. Where comparisons can be made we find good agreement with their results. values chosen by nature or best fit values from experiment. We try to fit these true values with BR fit ll ′ which are calculated theoretically by eq. (8) for the assumption to be tested. We utilize the 2l channel and the number of events is given by
where N pair (N single ) is the number of pair (single) production of doubly charged Higgs, and ǫ eff denotes an efficiency due to event cuts; we can obtain the numbers of H ±± production from Table 2 as N pair = N 4l and N single = N 2l − N 4l . We take ǫ eff = 0.5. We use N pair = 900 and N single = 1600 by assuming m H ±± = m H ± for simplicity (see Table 2 ) and because the difference of their masses should not be too large in order to maintain ρ ≃ 1 at the 1-loop level. For the number of remaining background events after cuts, we use N BG = 1 for each N ll ′ because the signal is expected to be almost background free. In the fitting procedure, ∆χ 2 is minimized within possible regions of the following parameters: 
The minimization gives the most pessimistic value for exclusion of the assumption because a smaller value of ∆χ 2 means a better fitting with the assumption. The other parameters are fixed for true and fitting values as (17) . Since we wish to extract information on three parameters (m 0 , ϕ 1 , ϕ 2 ), our analysis is for three degrees of freedom and ∆χ 2 = 6.3 corresponds to 90%CL even if results are projected onto spaces of two parameters.
A.1 Exclusion of m 0 = 0 and CP-conserving case for Majorana phases
In Fig. 6 , the region where m 0 = 0 is excluded in the HTM is given by calculating the ∆χ 
x ≡ {θ 13 , δ, θ 23 , hierarchy} .
where N In Fig. 7 , the region where all of the CP-conserving cases I, II, III, and IV are rejected is given by calculating the ∆χ 
We use ∆χ 
N fit ll ′ is a function of (ϕ 1 , ϕ 2 , m 0 , x fit ). In order to project the 3-dimensional allowed region onto 2-dimensional space, we minimize ∆χ 2 allow with respect to a parameter. Then, we take 6.3 for the resulting ∆χ 2 to obtain the 90%CL contour.
